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Chloro(trichlorostannyl)bipyridyltricarbonylmolybdenun, I, 
reacts with triphenylphosphine in cyclohexanone with replacement of 
one carbonyl ligand, according to equation (1). Similar reactions 


bipyMo(C0) .(C1)SnCl, + PPh,—-> bipyMo(CO), PPh,(Cl)SnC1, + CO ...(1) 


2B é) 


i 
take place with diphenylmethoxy-, phenyldimethoxy-, trimethylphosphite, 


and with triphenylphosphite. A second reaction involving displacement 
of tin tetrachloride was also observed using more basic phosphines 
in 


(equation (2)); this became the exclusive pathway for L = PPhMe, 


bipyMo(CO)_(C1)SnCl, + L ——> bipyMo(CO),(L) + Sncl Hee) 
5) =) 4 


& 
dichloromethane. The anionic nucleophile chloride ion rapidly 
displaces tin tetrachloride and the coordinatively unsaturated 
intermediate formed combines with any available ligand. 

The carbonyl replacement reactions of I with phosphorus III 
ligands, L, proceed according to the rate law k,p4q = ky + i [Ld 
The ligand-independent term ky corresponds to the rate of dissociation 
of carbon monoxide from I. In cyclohexanone solvent, for 
L = triphenylphosphine, ky is very small and the dissociative process 
predominates, With the stronger nucleophiles, such as phenylmethoxy- 


and phenylmethyl- phosphines, the second order process is much faster 


than the first order process under normal kinetic conditions. 
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Phenyldimethyl-, diphenylmethyl-, tris p-anisyl-, and tris p-tolyl- 
phosphine cause some molybdenum-tin bond breaking, which appears to be 
an independent second order process. The weaker phosphines are 
thought to attack the molybdenum atom while the anionic nucleophiles 


appear to attack at tin. 
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LNTRODUCTION 


Chapter I 


In recent years the mechanisms of substitution reactions 
of metal carbonyl complexes have been examined in some detail (1). 

The majority of these reactions involve the replacement of a CO group 
or another group, A, in the metal carbonyl complex by a substituting 
ligand, L, as expressed in the following equations. 

M(CO) . (A) y “1 L —> M(CO),-7 (A) ,G@) EGO. 

CO) Pa sl RUN IU RAS) TAR aA 

There has been much activity in the synthesis of new compounds, 
in the assignment of structures, and in bonding theory, but mechanistic 
studies are still in their infancy. 

The majority of metal carbonyl complexes are non-ionic 
substances which are soluble in a variety of organic solvents. Hence 
kinetic studies on these complexes have almost exclusively been carried 
out in non-aqueous solvents. Since the groups involved in the 
substitution process are usually neutral ligands which do not interact 
as strongly with a solvent as would ionic species, the rates and 
activation parameters of these reactions are only very slightly 
dependent upon the nature of the solvent. In the few cases where data 
are available (1), reactions are observed to proceed with nearly the 
Same rate and activation parameter values even in such different media 
as solution and gas phases. For these reasons it appears that it is 
the nature of the reactants, and not the solvent medium, which is 


largely responsible for the kinetic results. 
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The vast majority of these substitution reactions proceeds 
according to a rate law which is either first order in the complex and 
zero order in L or first order in both the complex and L. Frequently 
a rate law involving both of the above rate terms is observed. That 
the rate term involving a first order dependence on the complex only 
reflects an Syl mode of reaction is supported by kinetic evidence such 
as the first order rate law, the independence of the rate on different 
substituting L groups, and the positive values of entropies of activation. 
From reactions of this type one can obtain information on the factors 
which affect the reactivities of different substrates but not on factors 
that contribute to the nucleophilic strengths of various reagents toward 
metal carbonyls. 

The rate term which exhibits a first order dependence on 
both the complex and-L suggests an Sy2 mechanism whereby L attacks the 
complex and is present in the activated complex. The question of 
whether the point of attack by L is at the metal atom or at a carbonyl 
carbon atom is unanswered, although there is evidence to suggest that 
either site is possible (2, 3). Since the data are more readily 
interpreted in terms of an attack at the metal atom, this viewpoint has 
generally been assumed. The second order rate laws, the reasonable 
trends in nucleophilicity of different L groups, and the generally 
negative entropies of activation provide strong support for the Sy 
mechanism, Since Heck (4) reported briefly that the rate of the 
reaction of Co(NO) (CO) , with triphenylphosphine was first order in both 
substrate and reagent concentrations, there has been a continued effort 
to investigate metal carbonyl systems which undergo CO substitution 


reactions by a second order process. Promineactions of this type, 
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one obtains information on the factors which affect the reactivities 
of different substrates, but, more important, one can also obtain useful 
information concerning the factors which contribute to the nucleophilic 
strength of various reagents toward these substrates. 

The kinetic inertness of the hexacarbonyls of Cr, Mo and W, 
M(CO) ;; has been well demonstrated (5, 6). Replacement of two CO groups 
in M(CO) ¢ by a bipyridyl ligand to form M(CO) , (bipy) might be expected to 
increase metal mbonding to the remaining four CO groups, rendering 
them more inert than those in M(CO) ¢ Gia. However , M(CO) , (bipy) was 
found to react readily with phosphites, L, under rather mild conditions 
to form cis-M(CO) ,(L) (bipy) CS 389) ¥, Such behavior was unexpected in 
view of the inertness of M(CO) under the same conditions. 

It was reasoned that if the replacement of two weakly basic 
groups in Cr(CO) ¢ by a relatively strong base such as bipyridyl 
(pK, = 4.50) resulted in the labilization of at least two of the remaining 
CO groups, then the introduction of an even stronger base such as 
4, 4'-dimethylbipyridyl (pK, = 5.45) would even further increase the 
lability of these CO groups (8). This was indeed found to be the case. 

These observations are directly opposed to current tTbonding 
arguments which suggest that the replacement of a CO group in a metal 
carbonyl by a stronger base, or a more poorly m-bonding ligand, allows 
more metal-to-CO mbonding which increases the metal-carbonyl bond 
strength. Although the introduction of a bipyridyl group into the 
Group VI metal hexacarbonyls labilized at least two of the remaining 
into 


CO groups, it was found that the introduction of P(OCH)) ,CCH, 


chromium hexacarbonyl had no such labilizing effect (8). 
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It was also noted that the thermal replacement of CO groups from 
Cr(CO) .L or Cr(CO) ,L, where L = phosphine or phosphite, occurred only 
Mcer iEischice conditions (10) - Therefore, the presence of bipyridyl 
in the coordination sphere has an effect on the remaining CO groups 
which is quite different from that of phosphines or phosphites. 

The only striking difference between bipyridyl and the phosphines 
seems to be in the relative "hardness" of these two bases (11). 
Relatively "soft" bases such as CO, phosphines, and phosphites appear 
to have no labilizing effect, while significantly "harder" bases such 
as bipyridyl do increase the lability of the remaining CO groups. The 
increased lability of the 4,4'-dimethylbipyridyl complex further suggests 
that the "harder" the base the more labile the CO groups become. The 
role of soft, particularly unsaturated ligands is simply to remove 
excess necacive charge on the metal by wm back-bonding. 

iGemurerocueuron OL hard sand "sort" Sor wlabilizing and 
nonlabilizing, bases into the isoelectronic Mn(I) carbonyls also appears 
to yield similar trends (12). Not only do the "hard" halides labilize 
the remaining CO groups in Mn (CO) <X, but the degree of labilization 
increases witn ene “hardness of the halide, X,; ive. I <Br <Cl. Thus 
the above results can be qualitatively accounted for in terms of the 
contrasting abilities of "hard" and "soft" bases to labilize CO groups. 
The reason for this difference may be the significantly stronger 
T-bonding ability of phosphines as compared to pyridine or the greater 


polarizability of phosphorus. The basicity of the phosphine or pyridine, 


* The terms "hard" and "soft"' are used as defined by R.G. Pearson 


in reference (11). 
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however, appears to be unimportant since phosphorus ligands of both 
higher and lower basicity (13) than eeedine are much the same in their 
labilizing abilities. 

The compound selected for investigation in this thesis was 
chloro(trichlorostannyl) bipyridyltricarbonylmolybdenum, bipyMo(CO) 3(C1)SnC1.. 
It was anticipated that the presence of the ligands 2,2'-bipyridyl and 
chlorine in this compound might labilize another CO group and this was 
found to be the case, Also in the compound bip yMo(CO) (C1) SnCl 


Be 


' which are both 


there are two metal atoms of different "hardness' 
susceptible to nucleophilic attack by bases, and their relative "hardness" 
appears to play a major role in determining the type of substitution 
reaction that occurs on addition of various nucleophiles of varying 
basicity and "hardness", 


In view of the X-ray structure of the SnCl,Me analogue, 


Z 
bipyMo(CO) 3(C1)SnCloMe (16), which contained a bridging chlorine atom 
between Mo and Sn, it was reasonable that a similar structural feature 
would be found in bipyMo(G0O) .(CL)SnC14. It seemed important to inquire 
into the relation of this Mo-Cl-Sn bridge to the Mn-H-Si bridge in 
CpMn(CO) sHSiPh., which had also been the subject of kinetic studies (14). 
The organization of this thesis is such that the preparative 
and descriptive chemistry is discussed in Chapter II, and the kinetic 


results are presented in Chapter III, while Chapter IV gives the 


experimental details. 
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PREPARATIVE CHEMISTRY 
Chapter IL 
Introduction 

Bipyridyltetracarbonylmolybdenum reacts with stannic halides 
to yield the seven coordinate molybdenum compounds bipyMo(CO) ,(X)SnX., C1595 
Crystal structures have shown (16, 17, 18) that some of these compounds 
have bridging halogen atoms, including bipyMo(CO) .(CL) SnG1jMe (16) and 


it seems probable that the compound bipyMo(CO) .(CL)SnCl I, will have a 


Sr 


similar structure in the crystal. 


/) osreb 
ae a CO 


i (proposed structure) 


The reactions of LI with a number of phosphorus (IIT) 
nucleophiles have been investigated and yield information about the 
metal-metal bond and about the importance of the halogen bridge. Two 
distinct types of products may be formed, depending on the reaction 


conditions. 
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The stereochemistry of the dicarbonyl products II is not 
known, but some of the products III had earlier been prepared and 


characterized (9, 19), and were considered to have the cis configuration. 


Results and Discussion 
Reactions with Phosphine Ligands 
Reaction of I with an excess of triphenylphosphine in acetone 
or cyclohexanone led to replacement of one mole of carbon monoxide by 
triphenylphosphine., The volume of CO evolved has been measured and 
found to be consistent with this stoichiometry. The product II (L = PPh) 
was isolated and analyzed. 


In the presence of chloride ion (as Et,NC1), the reaction of I 


B 


with ta was very fast and led to replacement of SnCl, by PPh The 


4, 35 
product Dita (lL = poe was also isolated and analyzed. 

Reaction of I with ROLES (which is more basic than PPh.) in 
cyclohexanone solvent gave a mixture of products, but in dichloromethane, 
the tricarbonyl Boo. CO) Ee ebNes predominated. With a large excess of 
PPhMe, ifesolutLion, and on standing for 24 hours, Mo(CO) ,(PPhMe,) was 
also formed, probably by displacement of bipyridyl from III (19). 

Product mixtures were also observed with the ligands PPhyMe, P(p-tolyl), 
and P(p-anisyl) 3, although compound II was produced in greater than 75% 


yield when only a slight excess of phosphine ligand was used. The 


infrared spectra for all products are given in Table I. 
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TABLE 1° 


Infrared spectra recorded in cyclohexanone solution. All 


infrared bands are strong unless otherwise labelled. 


bipyMo(CO),L(C1)snCl, (II) ee CED) (ones) 

L= PPhMe,” 1918m 1910m 1836 1810sh~ 
PPh Me” 1920sh 1910 1836 1810sh° 
P(p-anisyl), 1930sh 1917m 1848sh 1836° 
P(p-tolyl), 1930sh 1918m 1852 
PPh, 1930sh = 1918m 1852 
PPh, OMe 1942sh 1927m 1858 
PPh (OMe) , 1947sh  1929m 1859 
P (OMe) , 1949m 1930sh 1869 
P(OPh) 4 1965sh 1946m 1879 
P(OCH,) ,CEt 1975sh  1949m 1885 
co 2022 1972sh 1913 1876sh 


bipyMo (CO) .L Cit) 


os ine aD, 1910 1816m 1790m 
PCi=Ba) 3 1910 1816m 1790m 
PPhMe,, 1911 1817m 1790m 
PPhMe 1913 1819m 1792m 
P(p-anisyl), 1913 ~ 1819m 1792m 
P(p-tolyl), Toe 1820m 1793m 
PPh, 1915 1822m 1795m 


co 2010 1899 1878sh 1836 
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TABLE I (continued) 


fe) (CO) (em *) 


Mo (CO) ,(PPhMe.) , £955 1832 


(a) 


(b) 


The visible spectrum of each of these dicarbonyl products in 
cyclohexanone solution had Amax at ~450 nm with € ~ 1400-2000 

ih nel ees cneee 

The spectra of these products in cyclohexanone solution changed 
slowly with time, presumably because of some further reaction. 


ingausoly 


ue 
paw 
as 


7s Livan ied) 7 rs 


— 


10, 
Preliminary studies in this area were carried out by 


Dr. J. R. Moss who observed the following reactions of I (20): 


OH 
bipyMo(CO) (C1) SnC1., + NaBH > bipyMo(CO) ,(ROH) (RaieeMecet )es 2, . (1) 


A 
Cio Clo 


bipyto(C0) ,(C1)SnC1, + PPhMe,————> bipyMo(CO),PPhMey ........... (2) 


2 


However, weak ligands such as PPh, in the polar solvent 


2) 
cyclohexanone replace a molecule of carbon monoxide rather than stannic 
enloride. More basic ligands tended to displace Sncl,, especially in 
less polar (or weaker donor) solvents such as dichloromethane, while 
hard anionic bases displaced 7 very rapidly, even in cyclohexanone 
or acetone. This last reaction was easily recognized by the instant 
purple coloration (characteristic of bipyMo(CO),L; the trichlorotin 
compounds were orange to red) which occurred, for example, when I reacted 
with methanol in which a trace of sodium metal had previously been 
dissolved. 
The role of the Sn atom 

The tin atom in I probably behaves as a Lewis acid. In the 
solid state this may lead to a chlorine-bridged system (16, 17) while in 


solution the chlorine bridge must compete with coordination by a solvent 


molecule 8; 
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The existence of two distinct species A and B could explain the 
"isomers" which have been noted previously for these molecules in 
solution (15) where it was also noted that one isomer was favoured 
in the more polar solvents acetone and tetrahydrofuran (good donor 
solvents) rather than the less polar solvent dichloromethane. 

We suggest that recone of I with bases such as PPbMe,, 
and Cl proceed by nucleophilic attack on the tin atom, which breaks 


the molybdenum-tin bond. 


C1 Sn¢l os 


Se Le ES 
StGs | —— [bipyMo(CO) C1] ___ fast oe eee (a) 
Mo -SnC1 | \ 
4 - \ 
\ 
Gill SnCl V 
C eins aaa EE a fast \\ 
Ma | y) “Cl . [bipyMo (CO) ,] mo bipyMo (CO) ,L ach (Cb) 
> -snC 1, 


In the absence of hard base there is slow dissociation of 
carbon monoxide from I, and the unsaturated intermediate combines with 
an available ligand (such as PPh.) - 

Support for the proposed nucleophilic attack on tin is 
provided by two observations. 

(i) Reaction of I with carbon: monoxide (at 1 atm.) is extremely 
slow, but occurs "instantaneously" on addition of Be ots 

Cob) Mea CLt Oe Of lo Wltll PPhMe, in cyclohexanone under preparative 
conditions (see Experimental Section in Chapter IV) leads to a mixture 


of bipyto(C0)5PPhMe,(C1)SnCl., and bipyMo(CO) , PPhMe If, however, a 


9° 
SOLUL LON UO. Epes in cyclohexanone is added dropwise over 30 minutes 


to a magnetically stirred solution of I in the same solvent at room 
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temperature under 1 atm. of carbon monoxide, the main product (by infrared) 
is bipyMo(CO) . This suggests that the phosphine attacks not the 
molybdenum atom, which would lead to some Mo-P product, but the tin atom, 
as shown in equation 4 above. The intermediate [bipyMo(CO) .] then 
combines with carbon monoxide, which is in excess over the phosphine, 
particularly since the phosphine may remain bound to the tin atom. 
The effect of solvent on the direction of the reaction may be 
rationalized in terms’ of equations 3 and 4. Good donor solvents such 
as ketones will form strong complexes with the tin atom and nucleophilic 
attack on tin by a phosphine molecule will therefore be at least partially 
blocked. In a solvent such as dichloromethane, however, the bridged 
species A may predominate, and the tin atom will be open to nucleophilic 
attack from the back by an incoming phosphine. Thus displacement of 
SnCl will be favoured in dichloromethane, as was found experimentally. 
Small scale experiments showed that an instant purple coloration, 
suggesting sn¢l, displacement™ tron Dy oecurred@ with Cl”, Br, L , pyridine 
in acetone, and with OH and MeO” in methanol. The reaction with 
NaBH, (equation 1) probably goes by nucleophilic attack by H” or RO 
generated in situ (H + ROH——>RO +4H)). 


imeceLeactvonsoLe l withe Cla@and=PPharto yield "LLL (i= PPh.) 


3 
wasenoe traly <atalyticl inatermssoficily : Infrared investigation showed 
that at least one mole of Bae was required to convert I to III. 

The details of this reaction are not understood. 

Halide ion catalysis of carbon monoxide displacement has been 
peported for complexes of the type Fe (NO), (CO)L where L = phosphines, 
phosphites, and triphenylarsine (21). Although the reaction is rather 
different from ours, there is an analogy, in that preliminary attack by 


a hard base opens up a more facile reaction path for an incoming soft ligand. 
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Although we appear to be involved with the intermediate 
[ bipyMo(CO) .] we have not observed infrared bands corresponding to those 
reported for [bipyMo(CO) .], or [bipyMo(co) ,C1] ~ (22). This may be 
because bipytlo(CO) ,S (S = cyclohexanone) is more stable than these 


species, which would therefore not form. 


Stereochemistry 

The structure of I is presumed to be that shown above by 
analogy with the crystal structure of bipyMo(CO) ,(C1)SnCl,Me C(16)% 
This may be described as a capped octahedron around molybdenum. 
Defining the equatorial plane as that which includes the bipyridyl 
ligand, one axial position is occupied by chlorine, and the tin atom lies 
above the center of the octahedral face bounded by chlorine and carbonyl 
ligands. ~ 

The structure of products IL is unknown. Each compound has 
two main carbonyl stretching bands in the infrared, and in each case the 
band at higher energy is considerably the less intense, suggesting that 
the angle between the carbonyl groups is distinctly greater than 90°, 
We do not think it probable that the Cl, Sn, and P ligands all lie with 
bipyridyl in the equatorial plane, and the most probable structure 
appears to be as shown in II. Although the bulky Ss eroup may force 
the carbonyl ligands apart the relative intensities of the infrared 


bands differ by a surprising amount, 


1te 


Fig. 1 shows the infrared spectra of bipyMo(CO) 9 PMePhy(C1)Sncl, 


and bipyMo(CO) 5 PMe, Ph(C1)SnC1., in the solid ee Obviously there are 
more than the two expected infrared bands for V(CO) and it appears that 
more than one isomer may be present, There are a number of possibilities 
which might occur to explain these "extra" bands. 
(i) Two structurally distinct forms may be present in the 
solid, one with a bridging chlorine (as in I), the 
other without a bridging chlorine. 
(ii) Two geometrical isomers may be formed in which the 

phosphine ligand is either trans or cis to the chlorine 

atom, 

(iii) The crystallographic site symmetry may be different for 
otherwise identical molecules in the unit cell. 

Kinetically it is difficult to predict which of the carbonyl 
groups of I should be most labile, since the bipyridyl group labilizes 
those in axial positions(9), while the chloride ligand should labilize 
those cis to itself, i.e. the equatorial groups (12). 

The products III have in some cases been prepared previously 
(9, 19), and are believed to have the all cis or fac carbonyl 
configuration, Thus it appears that the leaving Snel group is directly 


replaced by the incoming ligand. 
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Infrared spectra of (a) bipyMo(CO), PMe, Ph(C1) SnGl 


and (b) bipyMo(CO), PMePh, (C1) SnCl, in, nu yok. 
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In order to check that this was a kinetic result and not the 
result of subsequent rearrangement after, say, an equatorial substitution, 
we reacted I with chloride ion and labelled carbon monoxide. The 
only product was that with the labelled carbonyl ligand in the axial 
position, showing that this was indeed the kinetically formed product. 
The infrared spectra (in the y(CO) region) of bipyMo( Co) , and 
bipyMo("” C0) , 1360 (~60%) are shown in Figure 2. This molecule has 
point group symmetry Cy, and gives rise to 4 active (CO) bands in the 
infrared spectrum. This type of "cis-bis'' system has been discussed 
(7, 23) and assignment is straightforward for the high-energy band 
(A, symmetrical stretch of the axial carbonyls) and for the low energy 
band (Bo Arata stretch of the equatorial carbonyls). Thus axial 
substitution by 1360 should cause a substantial shift in the position 
of the high energy band and little or no change in the low energy band, 
while equatorial substitution should have the opposite effect. The 
new band which appears at 1999 cme~ (in Figure 2(b)) must be a 1360 
satellite of the symmetrical axial stretching band at DOLacnee and 
substitution must have occurred in the axial position. No new band 
appears below the equatorial stretching vibration at vase and the 
equatorial carbonyls are therefore not substituted. Incidentally, this 
observation implies that the bipyMo(CO) , molecule exchanges axial and 
equatorial carbonyl groups very slowly if at all, and that it is 
stereochemically rigid. 

An copie assignment of the two central bands of the spectrum 
is not possible (23) but the asymmetric vibration involving primarily 


ihe 
the axial carbonyls is expected to display a CO satellite shifted by 
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Infrared spectra of (a) bipyMo( 
and (b) bipytfo('*co) .**co in €1) 


chloroform and (ii) toluene. 
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a maximum of eivane (based on the product rule). The appearance of 
the spectrum, a rather broad envelope of two or more bands, suggests 
that a satellite of the higher frequency band at 1904cem7* has developed; 
accordingly, we would assign the ‘isonet at the asymmetric axial 
stretch. This tentative assignment, however, is not crucial to the 


stereochemical argument presented above. 
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KINETICS 


Chapter IIL 
Introduction 

Possible mechanisms of the reactions of Da pysoCeO ACG eacl *s 
I, with phosphorus and other nucleophiles were discussed in the 
preceding chapter as far as they could be inferred from the products 
which were formed under various reaction conditions. This chapter 
presents the kinetics of these reactions and the further information 
which these yield about the processes involved. 

Results and Discussion 

Reaction With Weakly Basic Phosphines. 

The reactions of I with PPh, in cyclohexanone, 
2,6-dimethylcyclohexanone, 1,2-dimethoxyethane and 1,2-dichloroethane 
were found to be dissociative, The rate constants are recorded in 


Table IL and are essentially independent of ligand concentration. 


These reactions yielded only the product bipyMo(CO) »(L) (Cl)SnC1.. Thus 
we may write the mechanism: | 
bipyMo(CO) ,(C1)SnCl, +L = [ bipyMo(CO),(C1)SnC1 5] + CO+L 
mal 1“! 
2 


bipyMo(C0),(L) (CL) SnCl, + CO 


Application of the steady-state treatment to the intermediate leads to 
teh Ld iad 
UN yeah tc al 
dt ke, [LJ] + ki lco] 


wes Average values of k 


. t 1 — 
Provided that sy alice ee Me K psd ae Sie 


have been recorded as in Table Als 
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Decomposition of I under nitrogen was much slower than the rate of CO 
replacement (Table IL) and was essentially prevented by 1 atm. of 

carbon monoxide. Thus it appears that the first stage of decomposition 
involves dissociation of CO, so that this does not interfere with the 
kinetics under investigation, 

Reactions with ot and SN did not go to completion in a 
closed system. 

Dissociation of CO) trom isis rather faster (by 2 factor of 
two to ten, depending on the solvent) than dissociation of CO from 
bipyMo(CO),, 0) so that the oxidative adduct cae i is somewhat more 
labilizing than a carbonyl group, presumably because electron withdrawal 
from the molybdenum atom decreases its capacity for m-bonding to the 
remaining CO ligands, thus weakening the M-CO bond, Hence the v(CO) 
frequencies are raised somewhat in energy in going from the 
tetracarbonyl to the tricarbonyl, I, as is observed in their infrared 
spectra. 

The dissociative rate, ce was not strongly dependent on 
solvent, varying by a factor of less than six over the range of solvents 
studied, which implied that the solvent was not involved in the CO 
dissociation process. Unfortunately, rather a limited range of solvents 
was usable, since the substrate was only sparingly soluble in less polar 
solvents, while it was decomposed by more polar solvents such as 
acetonitrile. In these stronger donor solvents the main carbonyl 
decomposition products were SP ANeTAeD) and possibly bipyMo(CO) .S 
although the latter were not isolated. Cyclohexanone was chosen 


because I was very soluble and the reactions very clean in this solvent. 
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We suspect that both these facts are due, at least in part, to the 
coordination of the tin atom in I by the solvent. 

The rates of reaction of I with any in acetone are recorded 
in Table III. These reactions were less clean than those in 
cyclohexanone, but it is clear from the data, and from Figure 3, that 
the reactions proceed by two independent pathways, so that 
ee ae kh] 


Dabed a 

The ka term represents a dissociative process, and the rate constants 
are similar to those observed for cyclohexanone in Table II. 

The os term must represent a bimolecular mechanism, Thus 
we have the rather surprising fact that merely changing the solvent from 
cyclohexanone to acetone makes available an alternative reaction path 
for triphenylphosphine. Even at high ne concentrations there was no 
evidence (in the carbonyl spectra) for formation of a product other 


than bipyMo(CO) 5 (CL) (PPh.,) Snel Thus the bimolecular process must 


3° 
result in CO displacement. Making the assumption that solvent 
coordination to tin is crucial, there are two possible rationalizations. 
Either the bimolecular process involves nucleophilic attack at 
molybdenum by phosphorus (with 8-coordinate molybdenum in the activated 
complex); a bulky cyclohexanone coordinated to the tin atom in I 
provides enough steric hindrance to block the approach of the phosphine; 
or the initial reaction is coordination of tin by the phosphine 


(displacing solvent). This is followed by migration of the phosphine 


from the tin to the molybdenum with concomitant loss of carbon monoxide. 
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In this case either the first or the second stage might be rate- 
determining, but in any event the process will be slower in the solvent 
which is less easily replaced. Cyclohexanone is more bulky than 
acetone and is probably a better donor (since it has electron-releasing 
8 -alkyl groups). It follows that this reaction should be slower in 
cyclohexanone than in acetone, which was in fact observed. 

The products, bipyMo(CO),(L) (C1) Snel, and bipyMo(CO) ,(L) , 
formed by reactions of I with different ligands in cyclohexanone are 
Hhaniiedesd in Table IV. 

Phosphines as Nucleophiles 

All of the phosphorus ligands more basic than triphenylphosphine 

which we have investigated reacted with I predominantly by a second order 


process, The data are listed in Table V, and some of the second order 


rate plots are shown in Figures 3(a),(b).. One point which is evident 
is that there is an exceptionally large spread of values. Relative 


second order rate constants (ko) in cyclohexanone at 25° are 
Wy r MV : 
P(Bu) 3 PPhMe, PPh( OMe), P(OMe),  PPh,(OMe) PPh Me 


too fast to measure 600,000 3,000 2,400 1,400 0 


PCOCH, ) CEE P(p-anisyl), P(p-tolyl) 3 PPh, PCOPh) , 


190 | a) 1.0 40). i ZOE 


TABLE IV 


Products Formed by Reactions of I with Different Ligands L in 


cyclohexanone. 


L Products 

PPh, bipyMo(C0),CL(L)Sn61, only 

PPh» OMe bipyMo(CO)4C1(L)SnC1., only 

PPh( OMe), bipyMo(C0),C1(L) Snel. only 

P( OMe) 4° bipyMo(C0) .CL(L)SnCl3 only 

PPhyMe” bipyMo(CO),C1(L)SnC1, + bipyMo(C0) 41 
PPhMey” bipyMo(C0),C1(L)SnC14 “+ bipyMo(CO) 3h 
P(p-tolyl), bipyMo(CO) ,C1(L)Sncl, + bipyMo(CO) 41 
P(p-anisyl) .” bipyMo(C0),C1(L)SnC1, + bipyMo(CO) 41 


(b) Traces of by-products also formed. 
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a. L = P( p-anisyl). 
b. L = P(p-tolyl ), 
c. L = PPh3(in acetone) 
dL = PPh, 
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FIGURE 3(a) 


Second Order Rate Plots for Reactions of I with Ligands 


in Cyclohexanone at 25.0°. 


Lines are drawn by the 


method of least squares so as to pass through 


Kobsd = 4-9 X 107>sec7! at fd = 0. 
weighted equally. 


Other points are 
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FIGURE 3(b) 


Second Order Rate Plots for Reactions of I with Ligands 
in Cyclohexanone at 25.09. Lines are drawn by the 
method of least EES so as to pass through 


Kobsd = 4:9 x 10 Psec7! at BaP Sy Other points are 
weighted equally. 
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For phosphorus donor ligands, Angelici (1) lists the 
nucleophilicities in decreasing order as follows: 
ates oe P(n-Bu) , > PPhEt , > PPh Et >P(On-Bu) , >P(OMe) , > PPh, 
~PCOCH,) sore > P(OPh) P 
This general order has been noted for a variety of substrates including 
Mo(CO) CaO) DEON HOD (24). Fe(NO) (CO) , C2 Co(NO) (CO) , CAO 


and CIRh(CO)» (27). The nucleophilicity of AsPh, is invariably less 


3 
than any of the phosphorus donors given above. Angelici found in the 
above series of phosphines that the nucleophilicity (as measured by ky 
in the reaction with Co(CO) NO) varied linearly with the basicity 
toward the proton (as measured by the half neutralization potential, 
AHNP, in nitromethane (28)). 
Substrate Sensitivities 

The relative sensitivity of the substrate to a change in the 
basicity of the nucleophile can be obtained from slopes of plots of 


logek- avetcuss ANP. However, the sensitivity of a complex to 


2 
different nucleophiles can be evaluated in more cases by comparing the 
ratios of the ky values for two different nucleophiles, Angelici (1) 
lasts the values of k, (PBu,) /k, (PPh) and k, (PCOEt) ,/k, (PCOPh) 3) for a 
number of substrates, The larger the ratio the greater the 

sensitivity of the substrate to different nucleophiles. This 
sensitivity has also been called the ability of the substrate to 
discriminate between nucleophiles (29). Presumably a greater amount of 


sensitivity or discrimination indicates a greater amount of bond 


formation with the nucleophile in the transition state, 
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The value of k, (PBu,) /k, (PPh) is greater than 600,000 for compound I 
as a substrate, which is therefore unusually selective towards 
nucleophiles. Also, second order rate constants for reactions of 
ligands with bipyMo(CO) |. were found (9) to be lower by several orders 
of magnitude than those listed in Table V, although the rates of 
dissociation of CO are similar for the two compounds. 

Angelici also found (1) that the order obtained from the ky 
ratios for various substrates for the most part suggested that there 
was greater bond formation between the metal and the nucleophile for the 
4-coordinate than for the 6-coordinate complexes, which would be expected 
purely on steric grounds. It is thus unexpected that substrate I, 
which is a seven-coordinate complex, should display such an extreme 
selectivity. 
Reactions With More Basic Phosphines 

All the ligands more reactive than P(CCH,) ,CEt reacted too fast 
to be followed by the infrared method, and the rates therefore refer to 
the rates of growth of a product band in the visible spectrum. These 
rates must therefore be treated with caution, since we cannot be sure 
that the product which we are following is the only one which is formed 
under these conditions. However, the data recorded do at least indicate 
the order of magnitude of the rate constants. 

Reactions of I with the ligands PPh, (OMe) and PPh( CMe) , were 
clean and yielded only the dicarbonyl products bipyMo(CO), (Lh) (G1) SnCl,. 
Since the reactions proceeded almost entirely by second order paths, 


the mechanism is probably analogous to the KS portion of the PPh.,/acetone 
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reaction, Thus the replacement of one phenyl group by a methoxy group 
increases the nucleophilicity of the ligand by a factor of at least if" 
We believe that this can hardly be a purely electronic effect, and 
that there must be a critical ligand size above which the second order 
process is essentially eliminated” This also seems to be borne out in 
view of the unusual sensitivity of the substrate towards nucleophiles 
especially considering its high coordination number as noted in the above 
discussion. This suggests that the rate-determining step involves 
nucleophilic attack at the crowded molybdenum atom, although it does 
not eliminate preliminary attack on tin. 

Reactions of I with A) were also clean and proceeded 


by mixed ky and k, paths (Figure 3). In this case, however, the infrared 


2 
spectra showed that the second order path yielded the tricarbonyl 
derivative bipy Mo(CO) 1, at least as the principal product. We believe 


that this type of product is formed by initial attack on the tin aton, 


which causes breaking of the Mo~Sn bond. 


* The critical ligand size may be considered in terms of a maximum 
"Tolman angle" (30), which in this case must be about 140° for 
phosphines and perhaps ini for phosphites. Thus ligands which are 
more bulky than this cannot attack the molybdenum atom in I. 


See also the discussion in reference (14). 


a 7 Lan ) 
— 
as 


7 ' —_ a a : 
; ~ " - = “ 


1 a - 
a . ) ; 
ea tere) Jy. oan i! wit to ysyartnbpstionn His @ vai renal. 
7 = - 7 
_ "y) a A a 
have : Lag t) Vr ei. [a rt Yi hil, = pid .3 st . } iy a ov 
' 7 7 < : 
- ; 0 
7 i - a 
d ibys if uw ’ ln } i} } ’ } hu ieag a i 
fl ivy wo) ea 7 j ‘fees 
1 
j i : hy ? om 
: i yf } ai) ae ‘ eo} ) 
a ; 
’ v Ves j 7 4 » ] ‘ j j ’ 
\ 
4 tail j | i i i if } 77 
° ca ’ 
! 
1 : ; : os 
i) ; x ; a1 J ii j ri A v lio Jom 
- 
Ae 
i i = | i4 f 
“4 ! ' P 
; ~ i 
5 
; rer | " { oof fs 
ny Ax | } P { ‘ 
4 : 4 
j | H Pale leary ry eri 
| 
! ai { hy 
oon othe ys | ’ j a7 a Wapest tend tees od? * 
} ra . | 
oe vo ee : i 
7 ' 70.| bey PLerits fi j ‘ . iis ‘ (fadehes ‘ce pty . ante a 
oe : = 7 . s 
"a i a 
t .,: 7 7 
Pes pica, Lint, merce eais 


> & j t 
JOSE. Alby i ey ee wah ag 40 


; ae 
tLe a) (ed Dieta de cp ova ' 
: ° ‘ 

Ten i ee a 


29% 


Conclusion 
We may summarize the various reactions as follows (see Figure 4). 
(i) Carbon monoxide dissociates from I at a steady rate, and 
may be replaced by another ligand, This is the only path available 
for the bulky and weakly basic ligands ous and EE: 
(ii) Ligands such as tris-p-tolylphosphine, which are as bulky 
as, but more basic than triphenylphosphine, may attack tin, breaking 
the tin-molybdenum bond, 
(iii) Ligands such as phenylmethyl- and phenylmethoxyphosphines 
are sufficiently compact to be able to attack the molybdenum atom, 
displacing carbon monoxide in a second order process; the 
phenylmethylphosphines are also sufficiently basic to attack the tin, 
as in (ii) above. 
The relative rates of these reactions are such that if process 
(iii) is possible (on steric grounds (30, 14)), it generally predominates, 
except in the case of PPhMe, and PPh,Me, where both (ii) and (iii) occur 


2 2 


Candaicne k.. + ae Processes) (1)eand) (ia) are both sieniticant. tor 


2 
P(p-tolyl) 4. Process (ii) is favored by poor donor solvents* and is 
strongly "catalyzed" by anions such as chloride ion, which can attack 


tin, breaking the Sn-Mo bond and leaving a vacant orbital on molybdenum 


available for coordination by an available ligand. 


* Formation of the tricarbonyl derivative is more efficient in non-polar 
solvents, and the value of ky for reactions of I with P(p-tolyl), 
decreases in the solvents 1,2-dichloroethane > 2,6-dimethylcyclohexanone 


> cyclohexanone. 
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FIGURE 4 


Reaction .Paths for I with Ligands, 
(i) Ligand independent CO dissociation. 
(ii) Nucleophilic attack on tin. 


(iii) Nucleophilic attack on molybdenum, | 
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The enthalpies and entropies of activation are given in 
Table VI for the reactions of I with PPA, an Lohan eneae and acetone, 
and for Pipetoiyl) in cyclohexanone. The small negative entropies 
of activation for the ky rates are consistent with the proposed Syt 
mechanism while the large negative entropies of activation for the ky 
rates provide strong support for the ae mechanism. Liaise calsoror 
interest to note the lower enthalpies of activation for the 52 
mechanism than for the Sih mechanism, 


Finally the curious order of reactivity 


CEt 


PPh, <<PPh,(OMe) < PPh(OMe), > P(OMe), > P(OCH 


23 
is hard to explain, The caged phosphite in particular should be 
highly reactive on both steric and electronic grounds (9). We can only 
speculate that possibly these reactions proceed by initial equilibrium 
coordination of the ligand to tin, and that this acid-base equilibrium 
becomes unfavorable when the phosphorus has too many electronegative 
alkoxy substituents. 

Other mechanisms (such as dissociation of one end of the 
bipyridyl ligand) may be invoked to explain these reactions, but we 
believe that the unusual features of these reactions must reflect 
involvement of the tin atom. Since we can rationalize all our 


observations by including the possibility of nucleophilic attack on tin 


we confine our mechanism to the simplest form which we can find. 
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TABLE VI 


Activation Parameters for Reactions of I with Ligands 


(Aut in kcal/mol, As* in eu). 


Ss Ky 
Ligand Solvent on Age An” As* 
PPh. cyclohexanone 22.7 (40.6) -3 Bye Ded 
PPh, acetone 21 See eOes mee em) 56 56 (0 525) emo 27 
P(p-tolyl) , cyclohexanone ee ei ORL -46 


(a) No second order reaction measurable. 
(b) Less precise than but theoretically the same as those 


measured for a in same solvent. 
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40. 
EX PERIMENTAL 


Chapter IV 


All operations were performed under an atmosphere of nitrogen 
unless other conditions are specified. Solvents were dried over 
drierite and cyclohexanone was distilled under vacuum, Phosphorus 
ligands were obtained from Strem, Aldrich, Eastman or Columbia, and 
were purified when necessary by distillation or eae 

Infrared spectra were obtained with a Perkin-Elmer model 337 
spectrophotometer, equipped with a Hewlett-Packard model 7127A 
external recorder. The spectrometer was equipped with a slow-speed 
drive motor, which gave a scan speed of 39 ei Cae and was employed 
with a recorder drive speed of 3 in. ages so that 1 em of chart paper 
represented a 5 em + region, Each spectrum was calibrated by reference 
Lomeher 2147, em™! line of the gaseous carbon monoxide spectrum. The 
linearity of the wavenumber scale over the region of interest was 
established by measurement of the rotation-vibration spectra of carbon 
monoxide, deuterium chloride and deuterium bromide. Once this linearity 


had been established a calibration strip lying upon an illuminated 


table could be used for the measurement of line positions from the 


* P(p-anisyl) 3 P(p-C-H, OMe) . 
P(p-tolyl) 4 = P(p-GcH Me) 4 
P(OCHy) ,CEt = ETPB; l-ethyl-3,5,8-trioxa-4-phosphabicyclo(2,2,2) octane 


HH 


P(i-Bu) 3 
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position of the 2147 ona band of gaseous CO, which was superimposed 
on each spectrum, with an accuracy within 12 cm ae 
Analytical data, recorded in Table VII, were obtained by the 


micro-analytical laboratory of this department. 


Compound I was prepared as described previously (15). 


Preparation of bipyMo(C0) » PPh. C1) SnC1.. 

Compound I (1.0 g, 1.7 mmole), and PPh. (0.48 g, 1.8 mmole) 
were dissolved in cyclohexanone (25 ml) and kept at room temperature 
for 24 hours. Solvent was removed under vacuum. The product 
recrystallized from acetone in dark red prisms in 93% yield. By 
analogous methods we prepared the compounds bipyMo(CO) oL(C1)SnC1, 


where L = PPh,OMe, PPh(OMe) , » PPh 


Z 


oie, and P(p-anisyl) ,. Yields were 


all virtually quantitative. 


Preparation of bipyMo(CO) , PPhMe, (C1) SnCl,. 

To (1.0 g, 1.7 mmole) of compound I in 15 mls. of cyclohexanone 
at room temperature, was added (0.25 g, 1.8 mmole) of PPhMe, . After 
10 min the solvent was removed under vacuum and the residue washed with 
dichloromethane. The residue was then extracted three times by 
ETE Soe with dichloromethane under a nitrogen atmosphere. The 
combined extracts were concentrated to 5 ml and cooled, when small 
red-brown crystals formed. These crystals were filtered and washed 


with dichloromethane-hexane (1:1) and pentane and dried under vacuum; 


yield 0.6 g, 50%. 
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Preparation of bipy Mo(CO) P(p-tolyl) (Cl) sncl.. 


P(p-tolyl) , (0.28 g, 0.9 mmole) was added to a solution of 
compound I (0.5 g, 0.8 mmole) in acetone (50 ml) and the mixture 
warmed for Several anon. About 30 ml of the solvent was removed 
under vacuum when red-brown crystals precipitated out of solution 
which was further cooled to -20°. After several hours the solvent 
was decanted from the crystals which were then washed thoroughly with 
dichloromethane-hexane (1:1) and with pentane. After drying under 
vacuum, the yield was 0.65 g, 90%. Similar methods yielded bipyMo(CO) 5 
1(C1)SnC1.,, where) l;= PCOPh) 45 P(OMe) . and P(OCH,) ,CEt. Yields were 


all virtually quantitative. 


Preparation of bipyMo(CO) ,PPh.. 

Oma NGiiGGeuesSOlUGLON@Ore lat... 0c. ol. 7 mmole) and PPh. 
(0.48 g, 1.8 mmole) in acetone (50 ml) at 25° was added a solution of 
Et, NCl (0.3 g, 1.8 mmole) in a minimum amount of acetone. After 15 min 
the solvent was removed under vacuum. The product recrystallized 
from dichloromethane-hexane as shiny purple-black prisms in 90% yields 


Similar methods yielded bipyMo(CO) .1 where L = P(p-anisyl) ,, 


P(p-tolyl) 3, PPh Me, and CO, Yields were virtually quantitative. 


Preparation of bipyMo(CO) ,PPhMe,. 

To a solution of I (0.5 g, 0.8 mmole) in dichloromethane 
(50 ml) at room temperature, was added PPhMe, C0 7a52 5 00.0. mmo be). 
The solvent was removed under vacuum and the product recrystallized 
from dichloromethane-hexane at -78° affording shiny purple-black prisms 
which were washed with dichloromethane-hexane (1:5) and pentane. 


After drying under vacuum, the yield was 0.38 g, 95%. 


45. 


By analogous methods we prepared the compounds bipyMo(CO) 31 where 


Lo P(n~Bu) 3, and P(i-Bu) 4. Yields were all virtually quantitative. 


Preparation of Mo (CO) ,(PPhMe,) 

Compound I (0.5 g, 0.8 mmole) and PPhMe, (1.4 g, 10 mmole) 
were reacted together in acetone (50 ml) at room temperature for at 
least 24 hours when the solvent was removed under vacuum and the 


product recrystallized from dichloromethane-hexane in white prisms. 


Reaction of I with me enriched Carbon Monoxide. 

To a magnetically stirred solution of I (14 mg, 0.02 mmole) 
in acetone (15 ml) at 0° under +3c0(~60% enriched, supplied by Merck, 
Sharpe and Dohme) at one atmosphere was added a solution of Et NCL 
(12 mg, 0.07 mmole) in acetone (5 ml). After 30 min at 0° the solvent 
was removed under vacuum and the infrared spectra of the crude product 
in toluene and in chloroform were recorded. The flask was foil-wrapped 
throughout to exclude light which might cause carbon monoxide exchange. 
Reaction of I with carbon monoxide in the absence of Et,NCl was shown 


4; 


in a separate experiment to be very slow. 


All the kinetic runs were carried out under a nitrogen 
atmosphere, except where otherwise specified. Solvents were dried 
over Drierite and distilled before use. Kinetic reaction mixtures 
at "infinite" time were shown to have infrared spectra in the carbonyl 


stretching region identical with those of the isolated products. 
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All kinetic measurements were made under pseudo-first-order 
conditions, using at least a tenfold excess of ligand. Three methods 
were used for determination of the rate constants: 

(i) Disappearance of the high-energy band of I in the infrared, 
using substrate concentrations of about 15 mM. VOLULL Ones OL Lain 
cyclohexanone were shown to obey Beer's law. Compound I and the 
appropriate ligand were placed in a 5 ml (or 10 ml) standard volumetric 
flask fitted with a tap and an outlet sealed by a serum cap as well as 
a side arm connected to a nitrogen flow. Solvent which had previously 
been thermostated was added to the mark on the volumetric flask and the 
mixture shaken thoroughly until all solids dissolved. Reaction mixtures 
were kept in a constant-temperature bath and at appropriate time 
intervals aliquots were withdrawn from the reaction vessel with a 
syringe and transferred into the infrared cell, and their infrared 
spectra were measured against a reference containing the solvent solution. 
Anywhere between 10 and 20 measurements were made during a_ period of 
three or four half-lives. Since an excess of reagent was used and 
since CO was liberated, the reactions went to completion. Excellent 
straight lines were obtained for plots of log(A-Ao)(A = absorbance) 
against time over about three half-lives of each reaction. The rate 
constants were evaluated by a least squares method, and the standard 
error on the rate constants was generally found to be about 1%. 

(ii) Growth of a product band in the visible spectrum of the 
reaction mixture at 480 or 560 nm, using substrate concentrations of 
about 0.4 mit 
* Reactions of PPhMe, were very fast; accordingly we used a 5 cm cell 


and substrate concentration of about 0.04 mM. 
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A solution of substrate, pre-warmed or pre-cooled to the reaction 
temperature, was added to the ligand or a solution of the ligand, also 
at the right temperature. The solution was rapidly mixed with a syringe 
and transferred to a 1 cm cell in the thermostatted holder in the 
instrument. The intensity of the growing band was followed for a few 
half-lives. Plots of log (Aw -A) against time yielded straight lines 
over about one half-life of each reaction. The curvature observed in 
later stages was probably related to the baseline drift which may have 
resulted from decomposition in the solution. These solutions are very 
air sensitive, and further slow reactions such as that observed between 
SnCl and solvent cyclohexanone will tend to interfere, particularly 
with measurements of the rate of growth of a band in the visible region. 
The reactions are further complicated by the possibility of formation 
of more than one product, so the rate constants should only be regarded 
as approximate. The instrument was a Bausch and Lomb Precision 
Spectrophotometer. 

(iii) Evolution of carbon monoxide from the reaction mixture. 
Substrate (about 0.01 mmole) and triphenylphosphine were placed in a 
25 ml flask connected to a simple gas buret and filled with carbon 
monoxide. Solvent (about 5 ml, prewarmed and saturated with CO) was 
rapidly added and the mixture stirred magnetically in a constant- 
temperature bath, Plots of Loe (Va-V) against time, where -V is 


the volume of gas evolved, were linear over at least two half-lives 


of the reaction. 
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In all cases the pseudo-first-order rate constants were 
evaluated by least squares methods, using the University IBM 360 computer. 
Second order rate constants ky were calculated from the gradients of 


plots of k,,,4g against ligand concentration. The uncertainties quoted 


in the tables are the standard errors on these gradients. 
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